The promising clinical benefits of delivering human mesenchymal stem cells (hMSCs) for treating heart disease warrant a better understanding of underlying mechanisms of action. hMSC exosomes increase myocardial contractility; however, the exosomal cargo responsible for these effects remains unresolved.
H uman bone marrow-derived mesenchymal stem cells are an emerging and promising approach to treat ischemic and nonischemic cardiomyopathies. 1, 2 To date, phase II clinical trials of human mesenchymal stem cell (hMSC) delivery have supported the conduct of phase III trials. [3] [4] [5] Despite this advancement, there remains a need to enhance and refine stem cell-based treatment strategies for myocardial diseases through rational design. It is therefore of great interest to better understand underlying hMSC mechanisms of action to optimize future stem cell-based cardiotherapies.
proangiogenic, and antifibrotic effects on diseased myocardium. 1 Additionally, hMSC paracrine factors can modulate cardiac excitation-contraction coupling and contractility. [6] [7] [8] We recently demonstrated the exosomal fraction of the hMSC secretome-taken up by both SIRPα + /CD90
− human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) and SIRPα − /CD90 + hPSC-fibroblasts comprising our human engineered cardiac tissues (hECTs) 6 -to be largely responsible for hMSC paracrine-mediated increases in hECT contractility and associated calcium handling gene expression. 6 Although exosomal microRNAs (miRs) are widely thought to mediate intercellular communications and gene regulation, [9] [10] [11] the specific exosomal miRs responsible for hMSC-mediated cardioactivity remain largely unresolved.
Advancements in systems biology have facilitated associating complex networks of biological inputs and functional outputs via partial least squares regression (PLSR). 9, 11 This method has shown promise for predicting cardioactive antifibrotic and proangiogenic exosomal miR cargo released by cardiac progenitor cells, using classic tube formation and fibrosis assays as functional outputs. 9, 11 However, in the context of human cardiac contractile function, other assays are necessary; to this end, our custom multi-hECT platform has proven valuable as a contractility assay to test paracrine potency. 6, 7 In this study, we hypothesized that integrating systems biology and tissue engineering approaches would help identify lead cardioactive hMSC exosomal miRs responsible for increasing human cardiac tissue contractility. We first predicted miR-21-5p as a lead cardioactive hMSC exosomal miR via PLSR. Next, we experimentally tested the human-specific role of miR-21-5p in hMSC exosomal effects on hECT contractile function, as well as cardiomyocyte calcium handling. Finally, we investigate the underlying mechanism of miR-21-5p-mediated effects on cardiomyocyte calcium handling and contractility and predicted how these findings may translate to ischemic human adult cardiomyocytes. Altogether, we demonstrate a key role of miR-21-5p in hMSC exosomal treatments to increase hECT contractility likely via PI3K signaling, suggesting a specific molecular mediator to exploit for optimizing future stem cell-based cardiotherapies.
Methods
All data, methods, and study materials are available on request by contacting Joshua Mayourian (joshua.mayourian@icahn.mssm.edu) or the corresponding author.
An expanded methods section is available in the Online Data Supplement.
Partial Least Squares Regression
PLSR was performed with the nonlinear iterative partial least squares algorithm, as described elsewhere. 9, 11 Similar to our previous work, 6 predicted direct activation was performed via the Ingenuity Pathway Analysis (IPA, Qiagen) Molecule Activity Predictor.
hECT Contractility Assay hECTs were created from hPSC-CMs and type-I collagen using methods previously described. 6 Baseline functional analysis was performed on culture day 5, followed by a single treatment with either (1) serum-free defined media (SFDM), (2) 
Western Blots of Lysate From hPSC-CM Monolayers
hPSC-CM monolayers in 6-well tissue culture plates were used for Western blots as described previously. 12 hPSC-CM monolayers were treated for 48 hours with either 10 nmol/L miR-scr-con or 10 nmol/L miR-21-5p. See Online Table I for specific characteristics of antibodies used for Western blots.
Calcium Transient Measurements
Calcium transients were performed on hPSC-CMs using the IonOptix Calcium Imaging System (Westwood, MA) as described previously. 12 hPSC-CMs were treated for 48 hours with either (1) 10 nmol/L miR-scr-con without LY294002, (2) 10 nmol/L miR-21-5p without LY294002, (3) 10 nmol/L miR-scr-con with 10 μmol/L LY294002, or (4) 10 nmol/L miR-21-5p with 10 μmol/L LY294002.
Single-Cell Cardiomyocyte Electrophysiology Models
Multiple single-cell cardiomyocyte electrophysiological models were used in this study, including the Paci et al 13 
Experimental Calibration of miR-21-5p Effects on Single-Cell Cardiomyocyte Electrophysiology
Effects of miR-21-5p were simulated using experimentally calibrated 6, 16, 17 adjustments to the baseline L-type calcium channel (LTCC) maximum permeability (G LCa ) and SERCA2a (sarcoendoplasmic reticulum calcium-ATPase) maximum uptake activity (V maxup ) parameters in the single-cell cardiomyocyte models described above.
We experimentally calibrated the effects of hMSC miR-21-5p on G LCa and V maxup using original calcium transient experimental data found herein and a modified version of methods described previously. 6, 16, 17 G LCa and V maxup were chosen because LTCC and SERCA2a mRNA levels are modulated by miR-21-5p, as demonstrated herein. Briefly, we constructed a population of 1000 models of the single-cell Paci et al 13 human induced pluripotent stem cell-derived ventricularlike cardiomyocyte electrophysiology model by randomly assigning empirically relevant parameter values to characterize changes in maximal fluxes because of miR-21-5p:
where G′ LCa and V′ maxup represent the updated values of maximum LTCC permeability and SERCA2a maximum uptake activity because of miR-21-5p effects, respectively, and ΔG LCa and ΔV maxup represent fold changes in baseline LTCC maximum permeability and SERCA2a maximum uptake activity parameters because of miR-21-5p effects, respectively. Motivated by empirical data herein, ΔV maxup was randomly assigned between 1 and 4, whereas ΔG LCa was randomly assigned between 1 and 2. Our model calibration algorithm determined whether a given set of model parameters should be added to an accepted population based on comparison of simulated outputs to the following metrics from experimental data within this study (1) 
Statistical Analyses
Descriptive statistics are presented as mean±SEM, with comparative statistical methods described in the corresponding figure legend. P values <0.05 were considered statistically significant.
Results

Lead Candidate Cardioactive hMSC Exosomal miRs Predicted via PLSR
To predict key cardioactive hMSC exosomal miR cargo, PLSR was used to form relationships between the relative abundance of specific exosomal miRs from a set of parent cells releasing exosomes and resultant hECT contractile force responses as well as relevant calcium handling and apoptotic gene expression.
More specifically, we sought to predict miRs that may increase SERCA2a and LTCC expression, decrease the BAX/BCL2 expression ratio, and increase contractile force in our hECT system similar to hMSC-exo treatment in our previous study. 6 In this analysis, the parent cells included hMSCs, human adult cardiac fibroblasts, and human foreskin fibroblasts (hFFs) with previously established 6,7 parent cell-dependent paracrine effects on hECT contractility. More specifically, conditioned media from hMSCs 6 and human adult cardiac fibroblasts, 7 but not hFFs, 7 significantly increased hECT contractile function, although mediated through distinct mechanisms. 9, 10 Although hMSC exosomes are the main contributors to increasing contractility via mechanisms described above, human adult cardiac fibroblast soluble factors (eg, transforming growth factor-β) are largely responsible for increasing contractility via hypertrophy, as well as sodium and potassium channel remodeling. 7, 19, 20 Hierarchical clustering of published exosomal miR profiling data representative of these parent cells (obtained from National Institutes of Health/National Center for Biotechnology Information GEO-series GSE71241, GSE76175, and Pope et al 21 for hMSC, rat adult cardiac fibroblast (rACF), and hFF, respectively; rACF was used because of lack of available human adult cardiac fibroblast data) demonstrates grouping primarily by cell type ( Figure 1A) . Notably, several of the top 20 cardiac-related hMSC exosomal miRs were differentially expressed in the other fibroblast cell types ( Figure 1A ), motivating the systematic PLSR method to predict key cardioactive miRs.
PLSR was performed on the expression of the top 20 cardiac-related hMSC exosomal miRs across the above parent cells (as well as SFDM control), matched to hECT developed force (DF) as well as calcium handling (ie, SERCA2a and LTCC) and apoptotic (ie, BAX/BCL2) gene expression responses. In agreement with the hierarchical clustering ( Figure 1A ), the PLSR score plot ( Figure 1B) shows parent cell type-dependent clustering: fibroblast parent cells (ie, rACFs and hFFs) were grouped near the origin along the negative x axis with SFDM control, whereas hMSC parent cells uniquely clustered toward the positive x axis ( Figure 1B ).
In the correlation loading plot, expression of both calcium handling genes-SERCA2a and LTCC-clustered on the positive x axis ( Figure 1C ), whereas the expression of the apoptotic BAX/BCL2 ratio was on the negative x axis. DF was uniquely along the positive y axis, also being in the positive x direction. This is consistent with the parent cell distribution in the score plot, as (1) the hMSC exosomal groups were unique to the right of the x axis (effectively corresponding to our previous empirical findings 6 ), (2) SFDM and hFF exosomal groups were near the origin (both previously found to have null effects on contractility and associated gene expression 7 ), and (3) the rACF exosomal group was also near the origin, as our model inputs are specific to exosomal miRs (ie, neglect soluble factors) and rACF effects on contractility are largely soluble factor (eg, transforming growth factor-β) dependent. 19, 20 Altogether, given our focus on cardioactive hMSC-exo miRs, we sought miRs that (1) cluster to the right of the positive x axis, thus positively correlating with SERCA2a and LTCC gene expression and negatively correlating with BAX/BCL2 gene expression ratio, (2) cluster with DF, and (3) are known to modulate myocyte PI3K/Akt signaling, a pathway previously identified to be involved in hMSC paracrine-mediated increases in cardiac contractility. 6 The correlation loading plot shows several miRs that meet these criteria in the upper right-hand quadrant ( Figure 1C) ; these include several miRs that modulate myocyte PI3K/Akt signaling ( Figure 1C , blue dots; grey dots denote miRs not known to modulate myocyte PI3K/Akt signaling) including miR-21-5p, 22 miR-22-3p, 23 and miR-181b-5p. 24 Experimentally, we found that treatment of hECTs with hMSC-exo led to significantly increased miR-21-5p expression relative to SFDM control, whereas miR-22-3p expression remained unchanged ( Figure 1D ). In addition, treating hECTs with fresh hMSC conditioned media (containing exosomes and soluble factors) had significantly greater miR-21-5p expression relative to exosome-depleted hMSC conditioned media (Online Figure I) . Interestingly, although miR-181b-5p abundance was relatively low in hMSC exosomes ( Figure 1A ) and is only slightly positive of the x axis in the correlation loading plot, hECTs treated with hMSC-exo also led to significantly increased miR-181b-5p expression relative to control. IPA predictions suggest miR-21-5p positively regulates miR-181b-5p ( Figure 1E , top), but not vice versa ( Figure 1E , bottom). Indeed, experimentally treating hECTs with miR-21-5p significantly increased expression of miR-181b-5p, but not miR-22-3p, versus miR-scr-con treated hECT controls (Figure 2A) .
Altogether, this motivated directly testing the human-specific role of miR-21-5p-the only top 5 most abundant hMSC exosomal miR across at least 3 independent studies 7, [25] [26] [27] -in increasing hECT contractile function. To investigate this in our hECT bioreactor system, we examined the cardioactive effects of miR-21-5p alone, as well as the effects of exosomes released from miR-21-5p knockdown hMSCs.
miR-21-5p Effects on hECT Contractile Function
Successful delivery of miR-21-5p (Figure 2A ) significantly increased 0.5 Hz-paced hECT DF 5 days post-treatment relative to pretreatment baseline ( Figure 2B ), comparable to effects of hMSC-exo treatment. 6 To examine the time dependence of treatment effects, daily monitoring of spontaneously beating hECTs showed that miR-21-5p treatment led to a significant increase in spontaneous DF on days 3 to 5 posttreatment relative to day 0 pretreatment ( Figure 2C) ; these findings were likely not confounded by the force-frequency relationship, as there was no significant difference in beat rate between miR treatment groups despite a significant effect of time ( Figure 2D ).
Knockdown of miR-21-5p in hMSCs Diminishes Exosomal Effects on hECT Contractile Function
With just a modest (<40%; see Discussion and Detailed Methods in Online Data Supplement for explanation) yet statistically significant decrease in miR-21-5p, but not miR181b-5p, expression in hMSC parent cells (Online Figure  II) , delivery of hMSC-exo:miR-21-5p-KD significantly decreased miR-21-5p and miR-181-5p expression in hECTs in comparison to the hMSC-exo:miR-scr-con experimental group ( Figure 3A) . This again suggests miR-21-5p delivery is mediating changes in miR-181b expression in hECTs during hMSC-exo treatment. More importantly, hMSC-exo:miR-21-5p-KD significantly diminished the procontractile effects that were observed in the hMSC-exo:miR-scr-con experimental group during pacing post-treatment ( Figure 3B ). In support of our previous findings, 6 treating hECTs with hMSCexo:miR-scr-con significantly increased DF during 0.5 Hz pacing 5 days post-treatment relative to pretreatment baseline ( Figure 3B ).
To examine the time dependence of these treatment effects, daily monitoring of spontaneously beating hECTs showed that hMSC-exo:miR-scr-con treatment, but not hM-SC-exo:miR-21-5p-KD, led to significant increases in spontaneous DF on days 3 to 5 post-treatment relative to day 0 pretreatment (Figure 3C ). Although the spontaneous beat rate of the hMSC-exo:miR-21-5p-KD-treated hECTs was significantly higher than hMSC-exo:miR-scr-con on days 2 and 4 ( Figure 3D ), spontaneous beat rates reached a maximum of ≈0.5 Hz in both groups and there was no statistical difference on days 3 and 5, making it unlikely these findings were largely confounded by the force-frequency relationship that is relatively flat for hECTs in this low frequency range. 
miR-21-5p Increases Calcium Handling Gene Expression
The hECT functional measurements in Figures 2 and 3 were corroborated by molecular characterization using prospective qRT-PCR of cardiac-specific, calcium handling, and apoptotic genes. Revealing a gene expression profile remarkably similar to our prior observations with hMSC-exo treatment 6 (Online Figure III) , miR-21-5p supplementation significantly increased hECT mRNA levels of LTCC and SERCA2a ( Figure 4A ) and decreased the α/β myosin heavy chain ratio ( Figure 4A ). In addition, analogous to our prior observations with hMSC-exo treatment 6 (Online Figure III) , miR-21-5p modestly yet significantly decreased the BAX/BCL2 ratio ( Figure 4B) , a marker of possible antiapoptotic effects. 29 When depleting hMSCs of miR-21-5p (Online Figure II) , delivery of hMSC-exo:miR-21-5p-KD significantly decreased mRNA levels of LTCC and SERCA2a in hECTs in comparison to hMSC-exo:miR-scr-con treatment ( Figure 4C ). However, there were no significant effects on the α/β myosin heavy chain ratio ( Figure 4C ) nor the BAX/BCL2 ratio ( Figure 4D ). Altogether, both hECT experiments in Figure 4A and 4C support miR-21-5p altering expression of calcium handling genes; however, the effects on apoptotic gene expression are relatively unclear ( Figure 4B and 4D) .
To better understand these findings at the protein level, Western blots were performed on hPSC-CM monolayers treated with miR-scr-con or miR-21-5p ( Figure 4E ). Although there was no discernible effect on nonspecific LTCC protein levels, miR-21-5p increased cardiomyocytespecific SERCA2a protein levels independent of nonspecific (ie, GAPDH and α-actinin) or myocyte-specific (ie, cTnT) loading controls, leading to an ≈2-fold to 3-fold increase in comparison to miR-scr-con treatment ( Figure 4E ). In comparison, miR-21-5p had no discernable effect on BAX/BCL2 protein level ( Figure 4E ). Altogether, these findings motivate further investigation into the mechanism by which miR-21-5p increases calcium handling and thereby contractility.
miR-21-5p Increases hPSC-CM Calcium Transients Likely via the PI3K Signaling Cascade
To mechanistically corroborate our hECT findings, we examined the effects of miR-21-5p on hPSC-CM calcium transients Figure 3 . Knockdown of microRNA-21-5p (miR-21-5p) in human mesenchymal stem cells (hMSCs) diminishes procontractile effects of exosomes on human engineered cardiac tissue (hECT) contractility. A, Expression of miR-22-3p, miR-21-5p, and miR-181b-5p in hECTs 5 days after exosome-enriched fraction of the hMSC secretome (hMSCexo):miR-21-5p-KD treatment relative to hMSC-exo:miR-scr-con. P values from unpaired t tests (n=3). B, Five days after hMSC-exo:miR-scr-con treatment significantly increased hECT developed force (DF) during 0.5 Hz pacing in comparison to hMSC-exo:miR-21-5p-KD, which had no significant effect. P values from repeated measures ANOVA followed by Bonferroni multiple comparisons test (n=4). Daily measurements of (C) DF and (D) beat rate in unpaced hECTs during spontaneous beating. P values from repeated measures ANOVA followed by Dunnett multiple comparisons test (n=4). In all panels, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. # denotes statistical significance between groups at a given time point, #P<0.05, ##P<0.01. Figure 2 . MicroRNA-21-5p (miR-21-5p) effects on human engineered cardiac tissue (hECT) contractility. A, Expression of miR-22-3p, miR-21-5p, and miR-181b-5p in hECTs 5 days after miR-21-5p treatment relative to miRscr-con. P values from unpaired t tests (n=3-5). B, Five days after miR-21-5p treatment, hECT developed force (DF) was significantly increased during 0.5 Hz pacing, whereas miR-scr-con negative controls had no significant effect. P values from repeated measures ANOVA followed by Bonferroni multiple comparisons test (n=5). Daily measurements of (C) DF and (D) beat rate in unpaced hECTs during spontaneous beating. P values from repeated measures ANOVA followed by Dunnett multiple comparisons test (n=4-5). In all panels, *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.
with or without the PI3K inhibitor LY294002; for sample calcium transients of each experimental group ( Figure 5A ). In the absence of LY294002, treatment with miR-21-5p significantly increased calcium transient amplitude ( Figure 5B ) in comparison to miR-scr-con; in the presence of LY294002, these effects were abolished ( Figure 5C ). In addition, in the absence of LY294002, treating hPSC-CMs with miR-21-5p decreased the calcium transient decay time constant ( Figure 5D ) relative to miR-scr-con; in the presence of LY294002, these effects were modestly attenuated ( Figure 5E ).
Predicting the Effects of miR-21-5p in Ischemic Adult Human Cardiomyocytes
To corroborate our experimental findings on miR-21-5p effects on LTCC and SERCA2a expression and to predict how miR-21-5p effects on immature hPSC-CM calcium transients may translate to mature ischemic adult human cardiomyocytes, we adopted established computational methods 6, 16, 17 by closely matching simulation outputs to corresponding experimental recordings ( Figure 6 ). To do so, we generated a large initial population of 1000 model variants with empirically relevant (based on Western blot data in Figure 4E ) randomly chosen parameter sets to increase maximum LTCC and SERCA2a flux constants in a human induced pluripotent stem cell-derived cardiomyocyte electrophysiology model 13 by 1-fold to 2-fold and 1-fold to 4-fold changes, respectively. The initial population was then filtered to retain ( Figure 6A , white dots) only select models that were consistent (ie, within±1 SD) with 2 calcium transient metrics from Figure 5 , amplitude and decay time constant ([Ca   2+ ] i amplitude and τ Ca , respectively).
This calibration process reduced the initial population of 1000 model variants to 535 accepted model parameter sets ( Figure 6B ). The histograms in Figure 6C and 6D illustrate the distribution of output simulation metrics [Ca 2+ ] i amplitude and τ Ca , respectively, resulting from the range of accepted model parameters. Figure 6B further shows the distribution of the 535 accepted ΔG LCa and ΔV maxup parameter sets used to experimentally calibrate effects of miR-21-5p on calcium handling. In agreement with our Western blot findings ( Figure 4E ), 10 of 535 accepted models have no discernable (ie, <1%) changes in LTCC activity, suggesting increased SERCA2a activity alone was sufficient to recapitulate the effects on calcium transients from Figure 5 . On the other hand, all of the accepted models required discernable changes in SERCA2a activity. Interestingly, the same 10 accepted models with no discernable changes in LTCC (ie, along the x axis) ranged from ≈1.5-fold to 3-fold changes in SERCA2a, which also theoretically agrees with our Western blot findings in Figure 4E . These 10 select models that are in agreement with our empirical findings were therefore chosen as the finalized set of accepted models of miR-21-5p effects on calcium handling.
Next, using the 10 finalized accepted models described above, we predicted miR-21-5p effects on adult human ischemic cardiomyocytes. As expected, in the absence of miR-21-5p, adult human ischemic cardiomyocytes were simulated to have diminished calcium handling in comparison to adult human healthy cardiomyocytes ( Figure 6E ). However, in the presence of miR-21-5p, adult human ischemic cardiomyocytes were predicted to restore or even exceed healthy cell calcium transients. . Molecular characterization of microRNA-21-5p (miR-21-5p) effects on human engineered cardiac tissues (hECTs) and human pluripotent stem cell-derived cardiomyocyte (hPSC-CM) monolayers. hECTs treated with miR-scr-con vs miR-21-5p (A and B) and hMSC-exo:miR-scr-con vs hMSC-exo:miR-21-5p-KD (C and D) were snap-frozen for qRT-PCR on day 5 post-treatment, where expression of (A and C) cardiac-specific, calcium handling, and (B and D) apoptotic genes were studied. P values from 1-way ANOVA with post hoc Tukey test (n=3-5). E, Western blot of hPSC-CM monolayers treated for 48 h with miR-21-5p or miR-scr-con. In all panels, *P<0.05, **P<0.01, ***P<0.001. BAX indicates BCL2-associated X protein; BCL2, B-cell lymphoma 2; Casp, caspase; cTnT, cardiac troponin-T; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LTCC, L-type calcium channel; MHC, myosin heavy chain; SERCA2a, sarcoendoplasmic reticulum calcium-ATPase; and WCL, whole-cell lysate.
Discussion
The molecular mediators of myocardial contractility in hM-SC-based cardiotherapies remain largely unresolved, hindering efforts to maximize therapeutic efficacy. In this study, we used an integrated systems biology and tissue engineering approach to identify key cardioactive exosomal miRs. First, we provide bioinformatics and experimental data supporting miR-21-5p as a lead cardioactive exosomal miR in therapeutic hMSC-based paracrine signaling ( Figure 1) . Next, using our hECT system, we provide the first (to our knowledge) human-specific experimental data revealing (1) miR-21-5p effects are remarkably similar to hMSC-exo effects on hECT contractile function (Figure 2) , and (2) knockdown of miR-21-5p in hMSCs diminishes exosomal procontractile effects (Figure 3) . The effects of miR-21-5p on calcium handling and contractility are supported at both the mRNA and protein levels (Figure 4) . Finally, we mechanistically support miR-21-5p increases calcium handling and thereby contractility via the PI3K signaling cascade (Figure 5 ), and use a computational model to predict how these findings may translate to adult human cardiomyocytes ( Figure 6 ). Based on these findings, we provide a schematic of our working hypothesis as to how hMSC-exo increases cardiac contractile function (Figure 7 ).
PLSR for Predicting Lead Cardioactive Exosomal miRs
Bioinformatics has proven successful for investigating proangiogenic, antifibrotic, and immunomodulatory paracrine mechanisms of stem cell therapies. 30 However, in the context of stem cell paracrine effects on cardiac contractility and calcium handling, in silico analysis is a relatively nascent approach.
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Building on previous stem cell applications of PLSR, 9, 11 we demonstrate the utility of using hECT functional and gene expression responses in the PLSR cue-signal-response paradigm to identify key hMSC exosomal miRs responsible for increasing human cardiac contractility.
In addition to the 98.3% predictability achieved with this trained PLSR model, the clustering of parent cell groups in the score plot further provided confidence in the predictive power of this methodology. Like our previous study, hMSC parent cell groups positively correlated with DF as well as LTCC and SERCA2a expression, whereas it negatively correlated with the BAX/BCL2 expression ratio. 6 As expected, hFF and SFDM parent cell groups had weak correlations with these responses. Finally, rACF groups were also near the origin, consistent with the established theory that these parent cells affect contractility largely via soluble factor (eg, transforming growth factor-β) mechanisms. 19, 20 Clustering with miR-21-5p, both miR-22-3p and miR181b-5p were among the lead PLSR-predicted miRs that correlated with hECT twitch force in the upper right-hand quadrant (ie, positive x axis and positive y axis). Interestingly, these 3 clustering miRs affect common pathways (ie, cardiomyocyte PI3K/Akt signaling [22] [23] [24] ) and are each established oncomiRs. [31] [32] [33] To further support this, these 3 oncomiRs negatively correlate with the apoptotic BAX/BCL2 expression ratio ( Figure 1C) . The similarity between these miRs supports the validity of this method, while also providing insight into the previously hypothesized role of cardiac-specific oncogenes for cardiotherapeutics.
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Role of miR-21-5p in hMSC Exosome-Mediated Increases in Cardiac Contractility
It is first important to note that miR-21 guide (ie, miR-21-5p) and passenger (ie, miR-21-3p) strands each have distinct cardioactive effects, 10, 35, 36 which may obscure findings when overexpressing or deleting premiR-21. For the purpose of our study, because of (1) the high abundance of miR-21-5p (not miR-21-3p) in hMSC exosomes ( Figure 1A ), (2) the predicted correlation of miR-21-5p with DF and calcium handling gene expression ( Figure 1C ), (3) the experimental validation of increased miR-21-5p expression in hMSC-exo treated hECTs ( Figure 1D) , and (4) our focus on identifying key exosomal cargo for hMSC therapeutics, we focused the current study on the miR-21 guide strand miR-21-5p.
The effects of miR-21 on calcium handling have been previously examined in a nonhuman cardiomyocyte setting. For example, miR-21 has been previously shown to bind to phospholamban strongly 37 or activate endothelial nitric oxide synthase, 38 both of which increase SERCA2a activity. 8, 37 Herein, we demonstrate through miR-21-5p delivery and knockdown experiments that miR-21-5p increases human-specific cardiac contraction and modulates LTCC and SERCA2a calcium handling gene expression. These findings are further supported at the protein level via Western blots. Next, we mechanistically support these effects via the PI3K signaling cascade. These findings support our previous findings that hMSC-exo increases hECT contractility, 6 while also providing novel insight into specific cargo contributing to these effects with a likely mechanism of action.
Robustness of hMSC Exosome and miR-21-5p Effects Across Human Stem Cell Lines
In this study, we confirm that hMSC-exo procontractile effects occur across 2 hPSC lines. In our previous study, hMSC-exo increased contractility in hECTs comprised of human embryonic stem cell-derived cardiomyocytes. 6 In this study, the hMSC-exo:miR-scr-con increases contractility in hECTs comprised of human cardiomyocytes derived from induced pluripotent stems reprogrammed from a healthy volunteer's dermal fibroblasts (Figure 3) .
Furthermore, we confirm that miR-21-5p effects occur across the same 2 hPSC lines. For example, in Figure 2 , we show that hECTs comprised of human embryonic stem cellderived cardiomyocytes treated with miR-21-5p increase contractility, whereas in Figure 3 , we show that knockdown of miR-21-5p in hMSCs abolished procontractile effects of exosomes on hECTs comprised of human induced pluripotent stem cell-derived cardiomyocytes. In addition, in Figure 4 , we confirm miR-21-5p effects at the mRNA and protein level using both human embryonic and induced pluripotent stem cell-derived cardiomyocytes. Finally, in Figure 5 , we yet again confirm miR-21-5p effects on calcium transients in human induced pluripotent stem cell-derived cardiomyocytes. Altogether, this demonstrates the robustness of hMSC-exo and miR-21-5p effects on derived human cardiomyocytes across hPSC lines.
Kinetics of hMSC-exo and miR-21-5p Effects on hECT Contractility
In comparison to nearly instantaneous β-adrenergic signaling mechanisms, 39 paracrine mechanisms are expected to be slower and longer-lasting. In our recent study, hMSC-exo effects were evident at least 5 days post-treatment; however, until this current study, we had not yet ascertained the time dependence of treatment effects. In this study, we better understand hMSC exosome (Figure 3) , as well as miR-21-5p (Figure 2 ), timedependent treatment effects on hECTs. Both hMSC exosomes and miR-21-5p begin to increase hECT contractility ≈72 hours post-treatment (Figures 2 and 3 ). These effects persist for at least 5 days post-treatment. Unfortunately, the multiday kinetics of miR-21-5p and hMSC exosomes would likely make it unfeasible to study these responses in short-term ex vivo contractility assays, such as the Langendorff isolated heart model, for which maximum viability is 24 hours. 40 Therefore, to extend our findings from hECTs to another relevant system, we developed a mathematical model to predict how the results on hPSC-CMs might translate to mature ischemic human cardiomyocytes ( Figure 6 ).
Human-Specific Effects of miR-21-5p on Cardiac Tissue Remodeling
It is important to note that the activity of miR-21 is not limited to myocytes, as it has been shown to also alter cardiac tissuelevel remodeling; this is clearly an important consideration for optimizing cardiotherapeutics. Interestingly, the cardiac remodeling effects of miR-21 have been inconclusive among murine studies. For example, one group found that miR-21 contributes to adverse cardiac remodeling by targeting specific nonmyocyte cardiac cell populations, 35, 36 whereas another group reported a null contribution of miR-21 to stress-induced cardiac remodeling. 41 In yet another study, miR-21 overexpression was cardioprotective in the setting of ischemia. 10 In our hECTs comprised of ≈4:1 human stem cell-derived myocytes to fibroblasts (Online Figure IV) , treatment with miR-21-5p leads to increased expression of the transforming growth factor-β signaling pathway, proangiogenic vascular endothelial growth factor-α, and angiopoietin-1, and hypertrophic atrial natriuretic factor and brain natriuretic peptide (Online Figure V) . Although not addressing the conflicting data previously described, these findings nevertheless (1) are consistent with gene expression effects of hMSC exosomes on hECTs (Online Figure V) , (2) are consistent with various findings established on hMSCs, [42] [43] [44] [45] (3) complement previous in vitro and in vivo work specifically on miR-21-5p 46, 47 and its role in hMSC exosome-mediated effects on cardiac tissue remodeling, 46 and (4) underscore the need to further investigate how miR-21-5p-alone or in the context of hMSC exosomes-affects remodeling in human-specific cardiac tissue.
Limitations and Future Directions
Several limitations of the study should be noted. First, we acknowledge that although this is (to our knowledge) the first study of miR-21-5p effects on engineered human cardiac tissue, the simplified hECT model system does not fully represent native human myocardium. Nevertheless, the controlled biocomplexity enables isolation of hMSC-mediated effects on myocyte contractility that may be obscured by other processes in vivo, and provides insight into cardiac tissue remodeling and twitch force not possible in traditional 2-dimensional monolayer assays.
Second, we recognize that hPSC-CMs have immature calcium handling, not representative of adult myocytes. To address this, we developed a mathematical model that predicted how miR-21-5p effects on calcium handling may translate to mature human cardiomyocytes. Given that miR-21-5p can increase SERCA2a protein levels and thereby calcium handling and contraction, our findings may even be able to build on recent efforts to improve hPSC-CM maturation 48 by utilizing miR-21-5p or other synthetic miRs as a conditioning media supplement.
Third, we note the incomplete knockdown of miR-21-5p in hMSCs (Online Figure II) . This was likely a consequence of culturing hMSCs in SFDM for 5 days after the initial 2 days of miR-21-5p inhibitor treatment; we used this experimental design to be consistent with our previous successful methodology to treat hECTs with hMSC exosomes. 6 Nevertheless, even with roughly a 40% knockdown achieved, we still observed diminished effects on hECT contractility and associated calcium handling gene expression (Figures 3 and 4 , respectively), showing the potent cardioactive effects of miR-21-5p in hMSC exosomes. Further knockdown may have provided further insight into the role of miR-21-5p on BAX/BCL2 and α/β myosin heavy chain gene expression.
Fourth, we acknowledge that hECTs were treated for a maximum of 5 days before molecular characterization to be consistent with our previous study. 6 Although the time-dependent data on the effects of hMSC-exo and miR-21-5p helped justify focusing on the 5-day time point for these studies, it will be necessary to perform extended time course and doseresponse experiments in follow-up studies examining the translational potential of these findings.
Finally, multiple paracrine factors may also impact hM-SC-mediated effects on human myocardial contractility. For example, the incomplete miR-21-5p knockdown efficiency may have contributed to null effects on the BAX/BCL2 and α/β myosin heavy chain gene expression ratios; alternatively, this may reflect overlapping or compensatory roles of other hMSC exosomal miRs or proteins. Nonetheless, the remarkable similarity between miR-21-5p and intact hMSC-exo effects on hECTs, the diminished cardioactivity of exosomes when knocking down miR-21-5p in hMSCs, and the known abundance and role of miR-21-5p in hMSCs 7 and other cardiotherapeutic stem cell exosomes (eg, cardiac progenitor cells) 49 emphasizes the need to study miR-21-5p in the context of stem cell-based or even synthetic miR-based 50 cardiotherapies.
Conclusions
In summary, this study integrates systems biology analysis and hECT technology to predict and experimentally validate exosomal miRs responsible for hMSC paracrine-mediated increases in myocardial contractility and expression of associated calcium handling genes. miR-21-5p is identified as a lead cardioactive hMSC exosomal miR; treatment with miR-21-5p nearly reproduced the effects of hMSC-exo on hECT contractile function and underlying molecular characteristics, whereas knockdown of miR-21-5p in hMSCs diminished exosomal procontractile effects on hECTs. The miR-21-5p modulation of calcium handling gene expression (eg, SERCA2a) was supported at the protein level. Mechanistically, miR-21-5p increases calcium handling and thereby contractility likely through the PI3K signaling cascade. Altogether, these findings help elucidate the human-specific cardioactive role of miR-21-5p, which could be used to maximize the efficacy of future stem cell-based therapies for heart failure.
